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The mobile genetic element ICEBsI is an integrative and conjugative element (a conjugative transposon)
found in Bacillus subtilis. The RecA-dependent SOS response and the RapI-Phrl cell sensory system activate
ICEBs1 gene expression by stimulating cleavage of ImmR, the ICEBs! immunity repressor, by the protease
ImmA. We found that increasing the amount of wild-type ImmA ir vivo caused partial derepression of ICEBs1
gene expression. However, during RapI-mediated derepression of ICEBs1 gene expression, ImmA levels did not
detectably increase, indicating that Rapl likely activates the protease ImmA by increasing its specific activity.
We also isolated and characterized mutations in immA (immA”") that cause partial derepression of ICEBsI gene
expression in the absence of inducing signals. We obtained two types of immA”" mutations: one type caused
increased amounts of the mutant proteins in vivo but no detectable effect on specific activity in vitro; the other
type had no detectable effect on the amount of the mutant protein in vivo but caused increased specific activity
of the protein (as measured in vitro). Together, these findings indicate that derepression of ICEBsI gene
expression is likely caused by an increase in the specific activity of ImmA. Homologs of ImmA and ImmR are
found in many mobile genetic elements, so the mechanisms that regulate InmA-mediated cleavage of ImnmR

may be widely conserved.

Integrative and conjugative elements (ICEs), also known as
conjugative transposons, are mobile genetic elements found in
a wide range of bacteria (reviewed in references 5, 6, 9, 13, 15,
and 18). These elements reside in the host chromosome and
contribute to genome plasticity. They can facilitate the acqui-
sition of new traits, including antibiotic resistance, symbiosis,
and virulence. ICEs can be excised from the host chromosome
and transfer to other cells by conjugation. Once inside the
recipient, the ICE typically integrates into the host chromo-
some and is stably maintained and propagated by host repli-
cation and cell division. ICEs generally encode proteins that
function in regulation, integration, excision, and transfer.

ICEBsl is an approximately 20-kb element inserted in the 3’
end of a tRNA gene in Bacillus subtilis (2, 7). Genes at the left
end of ICEBsI (Fig. 1A) are part of a regulatory module that
resembles those found in many bacteriophages (2, 7). This
module includes immR and immA, encoding the element’s
immunity repressor and antirepressor, respectively (1, 4).
ImmR represses transcription of genes required for excision
and transfer and both activates and represses its own expres-
sion (1).

ICEBslI gene expression is derepressed in vivo during the
RecA-dependent SOS response or when the ICEBs/-encoded
cell-cell signaling regulator Rapl is present and active (Fig. 1B)
(2). In both cases, derepression requires the antirepressor
ImmA (4). ImmA is a site-specific protease that cleaves InmR,
thereby causing derepression of ICEBsI gene expression (4). It
is not known how Rapl or RecA stimulate ImmA to cleave
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ImmR, but previous results indicated that the mechanism of
activation was not through transcriptional control of immA (4).

We found that increasing the amount or the specific activity
of ImmA can cause derepression of ICEBsI, even without
activation by RecA or Rapl. We isolated and characterized
mutations in immA that cause derepression of ICEBsI gene
expression in the absence of exogenous inducing signals. We
also analyzed the effects of artificially elevating the amount of
ImmA in the cell. Our results indicate that there are at least
two ways in which ImmA-mediated cleavage of ImmR can be
activated: (i) by increasing the activity of ImmA or (ii) by
increasing the cellular concentration of ImmA. We also found
that ImmA levels did not significantly change during activation
by Rapl, indicating that Rapl-mediated induction likely results
from an increase in the activity of ImmA.

MATERIALS AND METHODS

Strains and alleles. B. subtilis strains used in this study are listed in Table 1.
Standard techniques were used for cloning and strain construction (11, 16). The
ICEBs1° strain and the cgeD::{(PimmR-immR) kan}, thrC::{(Pxis-lacZQ343)
mis}, and the amyE::{(Pspank-immAQ218) spc} alleles were described previ-
ously (1, 2, 4). Note that mis represents the same gene as the previously used
“erm” designation. Strains with recA260 (cat-mls) (8) were kept in the dark
whenever possible.

Pxyl and xyIR from pDR160 (14) were cloned into pMMB752 (3) to generate
pBOSES08, a fet-containing vector, for introduction of a xylose-inducible gene at
lacA. A sequence extending from 33 bp upstream of the rapl start codon to 2 bp
downstream of the stop codon was cloned into pBOSES508 to generate
pBOSES25, which was integrated at lacA by homologous recombination, select-
ing for tetracycline resistance.

The sequence from 24 bp upstream of immA to 2 bp downstream of its stop
codon was cloned downstream from Pspank into pDR110 (from D. Rudner), a
vector that contains spc, lacl, and Pspank and that allows for homologous re-
combination into amyE, to generate pBOSE540. Mutations in Pspank-immA
were made by Quikchange (Stratagene) site-directed mutagenesis of pBOSES540.
For higher expression of immA, Pspank in pBOSE540 was converted to Pspank(hy)
by Quikchange mutagenesis, generating pBOSE1069. The immA alleles were intro-
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FIG. 1. Regulation of ICEBs!I. (A) The four genes and two pro-
moters at the left end of ICEBsI are shown. immR, immA, and int
encode the immunity repressor, the antirepressor, and the recombi-
nase (needed for both integration and excision), respectively, and are
transcribed leftward from PimmR. xis encodes the excisionase and is
transcribed rightward from Pxis. Pxis is repressed and PimmR is both
activated and repressed by ImmR (1). Black boxes denote the ends of
the element, with the left end in the gene for tRNA-leu2. (B) The
circuitry of ICEBs! regulation is shown. ImmR represses transcription
from Pxis. ImmA inactivates ImmR by proteolytic cleavage, causing
derepression of transcription from Pxis (4). Cleavage of ImmR by
ImmA occurs in vivo during the RecA-dependent SOS response
(RecA*) or when the ICEBs/-encoded cell-cell signaling regulator
Rapl is present and active (2).

duced into wild-type cells by a double crossover at amyE, selecting for spectinomycin
resistance.

Escherichia coli strains derived from BL21-AI (Invitrogen) were used to purify
ImmR and ImmA. N-terminally His-tagged ImmR was purified from BOSE798,
and untagged ImmA was purified from BOSE848 (4). immA mutations were
introduced by Quikchange mutagenesis of pBOSES831 (4), and the resulting
plasmids were introduced into E. coli BL21-Al to produce BOSE843 (R85G),
BOSES844 (V92E), BOSE845 (N93D), BOSES846 (1165*), BOSE1133 (1160%),
and BOSE1134 (G169*).

Media and growth conditions. B. subtilis cells were grown at 37°C with aeration
in defined S7 minimal salts medium (17), except that MOPS (morpholinepro-
panesulfonic acid) buffer was used at 50 mM instead of 100 mM. The medium
also contained 1% arabinose, 0.1% glutamate, 40 pg/ml tryptophan and phenyl-
alanine, and 120 pg/ml threonine. Xylose (1%) was used to induce expression of
Pxyl-rapl. When appropriate, antibiotics (at the indicated concentrations) were
used as follows: chloramphenicol (5 wg/ml), kanamycin (5 pg/ml), tetracycline
(10 pg/ml), and spectinomycin (100 pg/ml); erythromycin (0.5 pg/ml) and lin-
comycin (12.5 pg/ml) were used together to select for macrolide-lincosamide-
streptogramin B (MLS) resistance. Mitomycin-C (Roche) was used at a final
concentration of 1 wg/ml. X-Gal (5-bromo-4-chloro-3-indolyl a-p-galactopyrano-
side) in LB agar plates was used at 120 wg/ml.

E. coli cells used to overproduce ImmA and ImmR were grown in LB medium
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at 30°C or 37°C. When appropriate, ampicillin (100 to 200 wg/ml) and/or chlor-
amphenicol (15 pg/ml) was added. To induce gene expression in BL21-Al cells
(Invitrogen), the growth medium was supplemented with =1 mM IPTG (isopro-
pyl-B-p-thiogalactopyranoside) and 0.2% arabinose.

ImmA" mutant hunt. Identification of hyperactive immA mutants was based
on screening the expression of a Pxis-lacZ fusion. In the presence of the ImmR
repressor, cells containing Pxis-lacZ are white on X-Gal indicator plates because
Pxis-lacZ is efficiently repressed. Cells with wild-type immA or a nonfunctional
immA are also white. A hyperactive ImmA protein should cleave and inactivate
ImmR, causing derepression of Pxis-lacZ and leading to visualization of blue
colonies on X-Gal.

immA was amplified from chromosomal DNA (strain JH642) by mutagenic
PCR in the presence of MnCl, by the use of Tag DNA polymerase (1.25 units in
a 50-pl reaction mixture) under conditions recommended by the supplier
(Roche). Products were cloned downstream of the Lacl-repressible, IPTG-in-
ducible promoter Pspank in pDR110 vector. Ligation mixtures were used to
transform competent E. coli DH5a cells, selecting for ampicillin resistance.
Transformants from a single PCR were pooled, and plasmid DNA was prepared
from each pool and used to transform the B. subtilis BOSES533 strain (containing
Pxis-lacZ and immR). Transformants were grown on LB plates containing spec-
tinomycin (to select transformants), IPTG (to induce Pspank-immA), and X-Gal
(to visualize Pxis-lacZ expression). Blue colonies were picked and restreaked to
purify single colonies. Each candidate colony was grown in liquid LB, and
genomic DNA was purified from these cells. This DNA was used to transform
the BOSES33 indicator strain, selecting for the spc marker associated with
Pspank-immA at amyE and screening for blue coloration (in the presence of
IPTG when used to express Pspank-immA). Genomic DNA from a candidate
that produced blue transformants indicated that the blue phenotype was caused
by a mutation linked to spc at amyE, most likely a mutation that made ImmA
hyperactive. To verify this, immA was amplified from this DNA by high-fidelity
PCR (Platinum Tag DNA polymerase; Invitrogen), and the PCR products were
sequenced (MIT Biopolymers Laboratory).

Mutations identified in the candidates were reconstructed by site-directed
mutagenesis of immA in pBOSE540 (pDR110-immA) (by use of Quikchange
site-directed mutagenesis; Stratagene), and the resulting plasmids were intro-
duced into JH642 by double crossovers at amyE. Genomic DNA from these
strains was used to introduce each immA”" allele into indicator strains such as
BOSES33.

Western blot analysis. Samples collected from B. subtilis cultures were flash-
frozen (liquid nitrogen) and stored at —20°C before being thawed and pelleted,
or they were pelleted immediately. Cell pellets were washed with TN buffer (50
mM Tris, 300 mM NaCl, pH 8) and stored at —20°C. Cell pellets were thawed
and resuspended in buffer (10 mM Tris, 10 mM EDTA, pH 7) containing 0.1
mg/ml lysozyme and the protease inhibitor 4-(2-aminoethyl) benzenesulfonyl
fluoride hydrochloride (AEBSF) at 1 mM. The volume of buffer used to resus-
pend each sample of cells was adjusted to the optical density at 600 nm (ODg)
in order to normalize the concentration of proteins in each sample. Resuspended
cells were incubated at 37°C for 30 min, SDS sample buffer was added, and
samples were heated at 100°C for 10 min followed by centrifugation to remove
insoluble material.

Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel elec-

TABLE 1. B. subtilis strains®

Genotype description

Strain
BOSE533 ... ICEBs1° thrC::{(Pxis-lacZQ343) mls} cgeD::
BOSE534 ICEBs1° thrC::{(Pxis-lacZQ343) mis} cgeD::
BOSE569 ICEBs1° thrC::{(Pxis-lacZQ343) mlis} cgeD::
BOSE672 ICEBs1° thrC::{(Pxis-lacZQ343) mlis} cgeD::
BOSE708 ICEBs1° thrC::{(Pxis-lacZQ343) mis} cgeD::
BOSE713 ICEBs1° thrC::{(Pxis-lacZQ343) mis} cgeD::
BOSE904 ICEBs1° thrC::{(Pxis-lacZQ343) mlis} cgeD::
BOSE912 ICEBs1° thrC::{(Pxis-lacZQ343) mlis} cgeD::
BOSE1071 .. ICEBs1° thrC::{(Pxis-lacZQ343) mlis} cgeD::
BOSE1073 .. ICEBs1° thrC::{(Pxis-lacZQ343) mis} cgeD::
BOSE1074 .. ICEBs1° thrC::{(Pxis-lacZ0343) mlis} cgeD::
BOSE1076 .. ICEBs1° thrC::{(Pxis-lacZQ343) mlis} cgeD::
BOSE1095 .. ICEBs1° thrC::{(Pxis-lacZ0343) mis} cgeD::
BOSE1110.. ICEBs1° thrC::{(Pxis-lacZQ343) mis} cgeD::
BOSE1111 .. ICEBs1° thrC::{(Pxis-lacZQ343) mlis} cgeD::
BOSE1237 .. ICEBs1° thrC::{(Pxis-lacZQ343) mlis} cgeD::
BOSE1257 ICEBs1° thrC::{(Pxis-lacZQ343) mls} cgeD::

{(PimmR-immR) kan} lacA::{(Pxyl-rapl) tet}
{(PimmR-immR) kan} amyE::{(Pspank-immAQ218) spc} lacA::{(Pxyl-rapl) tet}

{(PimmR-immR) kan} amyE::{(Pspank-immA(RS85G)Q0218) spc} lacA::{(Pxyl-rapl) tet}
{(PimmR-immR) kan} amyE::{(Pspank-immA(N93D)0218) spc} lacA::{(Pxyl-rapl) tet}
{(PimmR-immR) kan} amyE::{(Pspank-immA(V92E)Q218) spc} lacA::{(Pxyl-rapl) tet}
{(PimmR-immR) kan} amyE::{(Pspank-immA(1165%)Q218) spc} lacA::{(Pxyl-rapl) tet}
{(PimmR-immR) kan} amyE::{(Pspank-immA(G169*)0218) spc} lacA::{(Pxyl-rapl) tet}
{(PimmR-immR) kan} amyE::{(Pspank-immA(I160%)Q218) spc} lacA::{(Pxyl-rapl) tet}

{(PimmR-immR) kan} amyE::{(Pspank-immA(R85G)Q218) spc} recA260::cat-mls
{(PimmR-immR) kan} amyE::{(Pspank-immA(V92E)Q218) spc} recA260::cat-mls
{(PimmR-immR) kan} amyE::{(Pspank-immA(I165%)Q218) spc} recA260::cat-mls
{(PimmR-immR) kan} amyE::{(Pspank-immA(G169*)0218) spc} recA260::cat-mls

{(PimmR-immR) kan} amyE::{(Pspank(hy)-immAQ218) spc} lacA::{(Pxyl-rapl) tet}

{(PimmR-immR) kan} amyE::{(Pspank-immA(R85G, 1165%)Q218) spc} lacA::{(Pxyl-rapl) tet}
{(PimmR-immR) kan} amyE::{(Pspank-immA(V92E, 1165%)0218) spc} lacA::{(Pxyl-rapl) tet}
{(PimmR-immR) kan} amyE::{(Pspank-immA(VI2E, G169%)Q0218) spc} lacA::{ (Pxyl-rapl) tet}
{(PimmR-immR) kan} amyE::{(Pspank-immA(V92E, N93D)O0218) spc} lacA::{(Pxyl-rapl) tet}

¢ All strains were derived from laboratory strain JH642 and contained #rpC and pheA mutations.
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FIG. 2. Effects of ImmA levels on expression of Pxis-lacZ. All
strains were cured of ICEBsI (ICEBs1°) and expressed immR, immA,
and rapl at ectopic loci. Expression of immA from Pspank or the
stronger Pspank(hy) was controlled with different concentrations of
IPTG. Cells were grown in defined minimal medium with arabinose at
37°C. At t = 0, cultures were split and xylose was added to one part to
induce expression of Pxyl-rapl. Effects on ICEBsI gene expression
were monitored using a Pxis-lacZ fusion, and levels of ImmA protein
were determined by Western blotting with anti-ImmA antibodies.
(A) B-Galactosidase activity is plotted as a function of time relative to
the addition of xylose to induce expression of Pxyl-rapl. Open symbols,
untreated; closed symbols, treated with xylose at time 0; diamonds,
Pspank-immA (BOSES34) with 1 mM IPTG; squares, Pspank(hy)
(BOSE1095) with 10 pM IPTG; triangles, Pspank-immA (BOSE1095)
with 100 pM IPTG. (B) The relative amounts of ImmA were com-
pared on Western blots with anti-ImmA antibodies. Equivalent
amounts of cell extracts from the indicated samples, with IPTG to
induce expression of immA and with or without xylose to induce
expression of rapl, were loaded in each lane. Strains were the same as
described for panel A. (C) The amount of ImmA relative to that in
cells with Pspank-immA (BOSE534) grown with 1 mM IPTG is plotted.
Results from cells with Pspank(hy)-immA (BOSE1095) grown with 10
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trophoresis (SDS-PAGE) on 15% or 18% gels and transferred to a PolyScreen
polyvinylidene difluoride (PVDF) membrane (Perkin Elmer) using a Trans-blot
semidry electroblot transfer apparatus (Bio-Rad). Membranes were blocked in
0.2% 1-Block (Tropix)-TBST (50 mM Tris, 200 mM NacCl, 0.05% Tween 20, pH
8) either at room temperature for 1 h or overnight at 4°C. The PVDF membranes
were incubated in a 1:5,000 dilution of anti-ImmA rabbit polyclonal antisera
(made commercially by Covance using ImmA-His6 protein purified from E. coli)
in 0.2% I-Block TBST for 1 h at room temperature, washed several times in
TBST, incubated in 1:3,000 goat anti-rabbit IgG-horseradish peroxidase (IgG-
HRP) conjugate (Bio-Rad) for 1 h at room temperature, and washed several
times in TBST. Signals were detected using Western Lightning chemilumines-
cence reagents (Perkin-Elmer) followed by exposure to Kodak Biomax light film.

The amount of ImmA in B. subtilis lysates was quantified by comparison to
purified ImmA on Western blots with anti-ImmA antibodies. Films were scanned
and densities were assessed using ImageQuant TL (GE Healthcare). For each
blot, a standard curve was generated using at least four different quantities of
purified ImmA. ImmA levels that fell within the linear range of the standard
curve for each blot were measured for each B. subtilis sample. For each B. subtilis
sample, two or more independent measurements of ImmA level by Western
blotting were averaged.

B-Galactosidase assays. B-Galactosidase specific activity was assayed as de-
scribed previously (12). Specific activity was calculated relative to the optical
density at 600 nm of the samples. Results shown are from a single experiment
and are representative of results obtained in at least three independent experi-
ments, except for Fig. 2A, which shows the results of one experiment.

Protein purification and in vitro assays. N-terminally His-tagged ImmR, un-
tagged ImmA, and untagged mutants of ImmA were purified and assayed as
previously described (4).

RESULTS

Overexpression of immA can derepress Pxis-lacZ. Previous
experiments indicated that cells with C-terminally epitope-
tagged ImmA had elevated ImmA protein levels and a small
increase in ICEBs! gene expression (J. M. Auchtung and A. D.
Grossman, unpublished results). Based on these results, we
decided to directly test the relationship between levels of na-
tive (untagged) ImmA and transcription from the major pro-
moter in ICEBsI. We used transcription of a Pxis-lacZ fusion
as an indicator of ICEBs/ gene expression. Pxis is strongly
repressed by ImmR (1). Derepression requires ImmA and
occurs after overexpression of rapl or during the RecA-medi-
ated SOS response (4). This regulation occurs in both the
presence and the absence of all other ICEBs! genes (1, 4). For
simplicity, the experiments presented here were done with cells
lacking ICEBsI (ICEBsI°).

We found that increased expression of immA caused in-
creased expression of Pxis-lacZ. We modulated expression
of immA by the use of a fusion to the IPTG-inducible pro-
moter Pspank (Pspank-immA) or to the stronger Pspank(hy)
[Pspank(hy)-immA] promoter and by adjusting immA expres-
sion levels with different concentrations of IPTG. The cells
contained immR, expressed from its own promoter, and a copy

wM and 100 uM IPTG are also shown. For each time point, the
average value for two replicates is plotted, and the error bar indicates
1 standard deviation above and below the average. (D) The ratio of
ImmaA in xylose-treated samples to that in untreated samples is plotted
for cells with Pspank-immA (BOSE534) grown with 1 mM IPTG. The
time at which samples were taken is indicated below each bar as
minutes after splitting of the culture for treatment with xylose. For
each time point, the average value for at least two replicates is plotted,
and the error bar indicates 1 standard deviation above and below the
average.
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of rapI fused to the xylose-inducible promoter Pxy! (Pxyl-rapl)
but were grown in the absence of xylose. Expression of Pxis-
lacZ (Fig. 2A) was low (~1 specific activity unit) when cells
containing the weaker Pspank-immA fusion were grown with
1 mM IPTG (fully induced Pspank). Expression of Pxis-lacZ
was higher (~10 specific activity units) when cells containing
Pspank(hy)-immA were grown with 10 uM IPTG and higher
still (~150 specific activity units) when grown with 100 uM
IPTG (Fig. 2A). Expression of Pxis-lacZ was fully derepressed
(~1,000 specific activity units) when cells containing
Pspank(hy)-immA were grown with 1 mM IPTG (data not
shown) or when rapl was overexpressed from Pxyl-rapl fol-
lowing the addition of xylose (see below).

We measured relative levels of ImmA protein (in Western
blots with anti-ImmA antibodies) under the conditions used
for monitoring expression of Pxis-lacZ. As expected, the rela-
tive amounts of ImmA increased with higher concentrations of
IPTG (Fig. 2B and C). In cells with a >5-fold increase in the
amount of ImmA [from Pspank(hy)-immA with 100 pM IPTG
compared to the fully induced weaker Pspank-immA], there
was an approximately 150-fold increase in 3-galactosidase spe-
cific activity (Fig. 2A). These results indicate that increased
levels of ImmA cause increased transcription from Pxis.

Induction of Pxis-lacZ by overexpression of Rapl does not
cause an increase in the amount of ImmA. Although increasing
the amount of ImmA caused increased expression of Pxis-lacZ,
the amount of ImmA did not increase when expression of
Pxis-lacZ was induced by overproduction of Rapl. Addition of
xylose to induce expression of rapl (from Pxyl-rapl), in cells
with Pspank-immA grown with 1 mM IPTG, caused an increase
in expression of Pxis-lacZ (Fig. 2A). By approximately 60 min
after expression of Rapl, there was a >100-fold increase in
B-galactosidase specific activity, and after 90 to 120 min, there
was an approximately 1,000-fold increase in B-galactosidase
specific activity (Fig. 2A). Under these conditions, there was
little or no detectable change in the amount of ImmA (Fig. 2B
and D). These results indicate that Pxis-lacZ is derepressed by
Rapl even though immA is expressed from a heterologous
promoter and that derepression can occur without a significant
increase in the amount of ImmA. Importantly, the increase in
transcription from Pxis with no detectable change in ImmA
levels was significantly greater than that caused by an approx-
imately 5-fold increase in ImmA.

Isolation of hyperactive mutants of ImmA. To better under-
stand the mechanisms of derepression of ICEBsI gene expres-
sion, we isolated and characterized mutations in immA
(immA"™) that cause increased expression of Pxis-lacZ without
exogenous induction, i.e., without induction of the SOS re-
sponse and without overexpression of rapl. In the presence of
the repressor ImmR, cells containing Pxis-lacZ are white on
X-Gal indicator plates because Puxis-lacZ is efficiently re-
pressed. Cells with wild-type immA or a nonfunctional immA
are also white. A hyperactive ImmA should cleave and inacti-
vate ImmR, causing derepression of Pxis-lacZ and leading to
the visualization of blue colonies on X-Gal.

We used a strain (BOSE533) that contains Pxis-lacZ, ex-
presses immR from its own promoter (to repress Pxis-lacZ),
and has a Pxyl-rapI fusion. We introduced mutagenized immA
under the control of Pspank into these cells and screened for
mutants that formed blue colonies (in the presence of IPTG),
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FIG. 3. ImmA sequence and mutations. The complete amino acid
sequence of ImmA is shown. The horizontal bar indicates the putative
zinc-binding motif HELGH. Single amino acid substitutions are shown
above and below the sequence. Circled mutations were identified in
the mutant hunt, remade, and tested. Arrows pointing up indicate
mutations that cause a hyperactive phenotype. Arrows pointing down
indicate mutations that cause a null phenotype. Vertical bars indicate
mutations that maintain the wild-type phenotype. Stars indicate stop
codons.

indicating at least partial derepression of Pxis-lacZ. The immA
alleles from candidate mutants were backcrossed and cells
retested to be sure the mutant phenotype was linked to immA.
Mutant immA alleles were then sequenced. Since several al-
leles contained multiple mutations, we reconstructed each sin-
gle mutation by site-directed mutagenesis of immA and tested
each for effects on expression of Pxis-lacZ (Materials and
Methods). Each mutation is designated by the amino acid in
wild-type ImmA, its position in the sequence, and the amino
acid to which it was changed. Changes to a stop codon are
designated with an asterisk (*). Single mutations causing K131,
T23S, R85G, KI0R, VI92A, VO2E, N93D, F1441, F156S, and
1165* were remade (Fig. 3). Four of these caused significantly
increased expression of Pxis-lacZ (see below), and the others
had little or no effect on expression of Pxis-lacZ (data not
shown) and were not characterized further.

Four mutations in immA (R85G, VI92E, N93D, and 1165%)
caused increased expression of Pxis-lacZ on X-Gal indicator
plates, indicating that they somehow caused ImmA to be hy-
peractive. Three of these mutations (R85G, V92E, and N93D)
are in the central region of ImmA, just C terminal to the
predicted zinc-binding motif HEXXH (Fig. 3). The 1165* mu-
tation truncates the protein by five amino acids at its C termi-
nus. We further explored the effect of truncating ImmA at its
C terminus by targeted mutagenesis. Nonsense mutations at
positions 155, 159 through 167, and 169 caused a hyperactive
phenotype, and nonsense mutations at positions 138, 149, and
168 caused a null phenotype (Fig. 3), as detected on X-Gal
indicator plates.

Effects of InmA" mutants on expression of Pxis-lacZ. We
further characterized the three central missense mutations
(R85G, V92E, and N93D) and three of the C-terminal non-
sense mutations (I160*, I1165*, and G169*). All three caused
an increase in expression of Pxis-lacZ in cells grown in defined
liquid medium (Fig. 4), although to different extents. R85G
had the largest effect (Fig. 4A and C) and G169* the smallest
(Fig. 4B and D). Expression of Pxis-lacZ in the R85G mutant
appeared to be fully derepressed, and expression in all the
other mutants was further increased after overexpression of
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FIG. 4. Effects of ImmA" mutants on Pxis-lacZ. All strains were
cured of ICEBs1 (ICEBs1°) and expressed immR, immA, and rapl at
ectopic loci. Strains harboring immA”" mutants were compared to the
wild type. Cultures were grown in defined minimal medium with 1 mM
IPTG for continuous expression of immA variants from Pspank. Att =
0, cultures were split, and one part was treated with xylose to induce
expression of Pxyl-rapI (panels A and B, closed symbols) or with MMC
to induce the SOS response (panels C and D, closed symbols).The
other part of each culture was left untreated (open symbols). Effects on
ICEBs! gene expression were monitored using a Pxis-lacZ fusion. (A
and C) immA”" variants with mutations near the center of ImmA’s
sequence. Wild type (BOSES534), diamonds; R85G (BOSE569),
squares; V92E (BOSE708), triangles; N93D (BOSE672), circles. (B
and D) immA" variants with mutations near ImmA’s C terminus. Wild
type (BOSES534), diamonds; I160* (BOSE912), triangles; I165*
(BOSE713), squares; G169* (BOSE904), circles.

rapl, with all strains reaching the same maximum level of
Pxis-lacZ expression (Fig. 4A and B).

Expression of Pxis-lacZ in the mutants was also further in-
creased after the addition of mitomycin C (MMC) to induce a
DNA damage response. In these experiments, strains with
higher uninduced (no MMC) levels of Pxis-lacZ expression had
a higher induced level of B-galactosidase specific activity than
those with lower uninduced expression levels (Fig. 4C and D).
This is consistent with the typically lower induction of ICEBs]
seen in response to MMC than in response to Rapl (2). In
addition, the presence of MMC caused a decrease in cell
growth and viability as judged by a drop in the ODgy, ~2 h
after treatment, indicating that cells may have begun to die
before all the strains could accumulate the maximum level of
3-galactosidase.

We constructed several alleles of immA that contained two
mutations, each of which causes a hyperactive phenotype. The
double mutants V92E G169* (Fig. SA), V92E 1165* (Fig. 5B),
V92E N93D (Fig. 5C), and R85G 1165* (Fig. 5D) all caused
higher expression of Pxis-lacZ than either of the respective
single mutations (Fig. 5). A fifth combination, N93D S155%,
showed higher expression of Pxis-lacZ than one of the single
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FIG. 5. Effects on Pxis-lacZ expression of immA alleles that contain
two mutations, either of which causes a hyperactive phenotype. All
strains were cured of ICEBsI (ICEBsI®) and expressed immR and
immA at ectopic loci. Cultures were grown in defined minimal medium
with 1 mM IPTG for expression of immA from Pspank. Effects on
ICEBsl gene expression were monitored using a Pxis-lacZ fusion.
B-Galactosidase activity is plotted as a function of the ODg, of the
culture. In all panels, BOSE534, the wild-type (wt) strain, is indicated
with diamonds. ImmA mutants are indicated by the identity and po-
sition of the amino acid change. (A) V92E (BOSE708), triangles;
G169* (BOSE904), circles; V92E G169* (BOSE1237), asterisks.
(B) V92E (BOSE708), triangles; N93D (BOSE672), circles; V92E
N93D (BOSE1257), asterisks. Data for the wild type and V92E are the
same as described for panel A. (C) V92E (BOSE708), triangles; 1165*
(BOSE713), squares; V92E 1165* (BOSE1111), asterisks. (D) R85G
(BOSES69), triangles; 1165 (BOSE713), squares; R85G 1165*
(BOSE1110), asterisks. Data for the wild type and I1165* are the same
as described for panel C.

mutants (S155%) but less than the other (N93D) (data not
shown). These results indicate that, for some of the combina-
tions, the effects on expression of Pxis-lacZ appear to be ad-
ditive, which is consistent with the notion that the central and
C-terminal mutants might have different effects on ImmaA.
Rapl and RecA are not required for InmA" phenotypes. The
ImmA" mutants respond to both Rapl and DNA damage, and
the strain background in which we isolated the immA”" mutants
was recA" and contained Pxyl-rapl. Therefore, we tested
whether the ImmA" mutants required endogenous RecA and
perhaps low-level (leaky) expression of Pxyl-rapl under other-
wise noninducing conditions. We found that the immA”" muta-
tions tested (R85G, VI92E, 1165*, and G169%) all caused ele-
vated expression of Pxis-lacZ in a recA null mutant in the
absence of rapl (Fig. 6A), although expression was about 20%
of that seen in recA™ cells with Pxyl-rapl (Fig. 6B). In cells
producing wild-type ImmA, expression of Pxis-lacZ was simi-
larly reduced in the recA mutant in the absence of rapI (Fig. 6),
indicating that much of this effect was independent of the
immA”" mutations. These findings indicate that the ImmAP
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FIG. 6. Effects of rapl and recA on Pxis-lacZ expression. All strains
were cured of ICEBs! (ICEBs1”) and expressed immR and immA at
ectopic loci. Cells harbored wild-type immA or an immA" mutant.
Cultures were grown in defined minimal medium with 1% arabinose
and 1 mM IPTG for expression of immA from Pspank. Effects on
ICEBs! gene expression were monitored using a Pxis-lacZ fusion.
B-Galactosidase activity is plotted as a function of the ODg, of the
culture. (A) Strains lack the Pxyl-rapI construct, harbor a null mutation
of recA, and express the indicated allele of immA. Wild type
(BOSE1256), diamonds; R85G (BOSE1071), asterisks; V92E
(BOSE1073), triangles; 1165* (BOSE1074), squares; G169*
(BOSE1076), circles. (B) Strains that had the ectopic Pxyl-rapl con-
struct and wild-type recA and expressed the indicated allele of immA.
Expression from Pxy/ was not induced. Wild type (BOSES534), dia-
monds; R85G (BOSES69), asterisks; V92E (BOSE708), triangles;
1165* (BOSE713), squares; G169* (BOSE904), circles.

mutants are hyperactive in the absence of either of the known
inducers (RecA and Rapl).

ImmA C-terminal truncation mutants have increased pro-
tein levels in vivo. Because elevated levels of ImmA caused
increased expression of Pxis-lacZ (Fig. 2), we determined
whether any of the immA” mutations caused an increase in the
amount of ImmaA in the cell. We measured relative amounts of
wild-type ImmA and six InmA" mutants by the use of Western
blots with anti-ImmA antibodies. Each of the three central
ImmA" mutants (R85G, V92E, and N93D) was present in the
cell at a level similar to that seen with wild-type ImmA (Fig. 7).
In contrast, the three C-terminal mutants examined (I160%,
I165*, and G169*) had significantly higher protein levels in
vivo compared to wild-type ImmA levels (Fig. 7). There was
approximately 3-fold more ImmAG169* and approximately
7-fold more ImmAI160* and ImmAI165* than wild-type
ImmA. These relative levels are consistent with the effect of
each of the truncation mutations on expression of Pxis-lacZ
(Fig. 4). It seems most likely that the truncation mutations
affect stability of ImmA, indicating that the wild-type protein is
normally unstable. Initial results from screening known cellular
protease mutants indicated that ImmA levels were significantly
higher in a c[pP mutant (B. Bose and A. D. Grossman, unpub-
lished results). We conclude that the truncation mutations
likely cause increased expression of Pxis-lacZ due to increased
stability of the mutant ImmA protein and that the central
mutations likely cause increased expression of Pxis-lacZ by
some other mechanism.

Central immA”" mutations increase the activity of ImmA in
vitro. The ability of the central ImmA™ mutant proteins to
cleave ImmR in vitro was greater than that of wild-type ImmA
or the truncation mutants. We purified the three central mu-

REGULATION OF HGT BY ACTIVATION OF A PROTEASE 27

=1

relative amount of ImmA

wt  R85G V92E N93D 1160* 1165* G169*
ImmaA allele

FIG. 7. Cellular levels of InmA" mutant proteins. Levels of ImmA
protein in strains expressing different alleles of immA were determined
by Western blotting with anti-ImmA antibodies. For each strain,
ImmA levels were quantified, and the averages of the results for at
least three samples were calculated. The average for each type of
ImmA was then normalized to the average for wild-type ImmA and
plotted. Error bars indicate 1 standard deviation above and below each
mean. Samples were taken from cells grown in defined minimal me-
dium with 1 mM IPTG for expression of immA from Pspank. All
strains expressed immR from its own promoter. Data represent the
wild type (wt) (BOSE534), the three central mutants, R85G
(BOSES69), VO92E (BOSE708), and N93D (BOSE672), and three C-
terminal mutants, 1160* (BOSE912), 1165* (BOSE713), and G169*
(BOSEY04).

tants (R85G, V92E, and N93D) and three C-terminal trunca-
tions (I1160*, I165*, and G169*) and compared the abilities of
these ImmA mutants to cleave ImmR (His6-ImmR) in vitro.
The C-terminal truncations all cleaved ImmR (His6-ImmR) at
a rate comparable to that of wild-type ImmA (Fig. 8). In these
reactions, less than 50% of the ImmR was cleaved by wild-type
ImmA after 180 min, as judged by the appearance of a frag-
ment of ImmR and the ratio of the amount of the fragment to
that of full-length ImmR (Fig. 8).

In contrast, all three central ImmA mutants cleaved ImmR
significantly faster than did wild-type ImmA (Fig. 8). In these
reactions, >90% of the ImmR was cleaved by each ImmA
mutant within 180 min (Fig. 8). The R85G mutant appeared to
be the most active, which is consistent with the in vivo effects
on expression of the presence of Pxis-lacZ (Fig. 4). Together,
our results indicate that the C-terminal truncation mutations
affect the amount of ImmA protein in vivo but do not have a
significant effect on ImmA specific activity and that the central
mutations primarily affect the specific activity of ImmA and do
not significantly affect ImmA levels in vivo.

DISCUSSION

Our results indicate that there are at least two ways to
increase ImmA-mediated proteolysis of ImmR to cause dere-
pression of ICEBs! gene expression: (i) by increasing the
amount of ImmA and (ii) by increasing the specific activity of
ImmA. We found that Rapl (and probably RecA) likely acti-
vates ICEBs! by causing an increase in the specific activity of
ImmA in vivo.

ImmA levels and derepression of Pxis. We found that in-
creasing the amount of wild-type ImmA, by increasing its pro-
duction from a heterologous promoter, caused increased ex-
pression of Pxis-lacZ, a reporter for ICEBsI gene expression.
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FIG. 8. In vitro proteolysis of ImmR by ImmA" mutants. His6-
ImmR (180 pM) and ImmA (12 wM) were incubated together at 37°C
for the times indicated above each column. Reaction products were
visualized by Coomassie-stained SDS-PAGE. Each row shows results
obtained using reaction mixtures containing a single ImmA variant (or
no ImmA, for the last column) at successive time points. Wild-type
ImmA and six ImmA"™ mutants were tested. ImnmA (A), intact His6-
ImmR (R), or the N-terminal fragment of His6-ImmR (R’) is marked
to the right of each row. ImmAI160* migrates to a position barely
distinguishable from that of intact His6-ImmR, so the ImmR fragment
can be used to gauge the progress of these reactions.

Preliminary measurements indicate that ImmA levels are sig-
nificantly increased in a clpP protease mutant (Bose and
Grossman, unpublished). In addition, truncations of ImmA
that removed several C-terminal amino acids also caused an
increase in the amount of ImmA and an increase in expression
of Pxis-lacZ. These findings indicate that ImmA is normally
unstable and that this instability is influenced by C-terminal
residues of ImmA. There are many examples of regulatory
proteins that are constitutively degraded, allowing for rapid
changes in their intracellular concentrations when they are
stabilized against proteolysis (10).

Although increasing the amount of ImmA in the cell caused
derepression of ICEBs! gene expression, this does not seem to
be the primary mechanism for derepression in response to
Rapl. The amount of ImmA did not detectably change when
Pxis-lacZ expression was induced by production of Rapl. Un-
der these conditions, there was an approximately 1,000-fold
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increase in B-galactosidase specific activity from Pxis-lacZ.
When the amount of wild-type ImmA was increased approxi-
mately 4- to 5-fold, there was an approximately 100-fold in-
crease in B-galactosidase specific activity from Pxis-lacZ, sig-
nificantly less than the increase in expression caused by Rapl.
These findings indicate that something other than an increase
in ImmA levels causes Rapl-dependent derepression of
ICEBsl1 gene expression.

Mutations that increase the specific activity of ImmA. We
also isolated mutations that affect the central part of ImmA,
near the putative metal-binding motif, and that cause an in-
crease in ICEBs] gene expression. In contrast to the C-termi-
nal truncation mutations that affect the levels of ImmA, these
mutations do not detectably affect the cellular concentration of
ImmA. Rather, these ImmA mutant proteins were more effi-
cient than the wild type at cleaving ImmR both in vivo and in
vitro, and these effects were generally consistent with the ef-
fects on Puxis-lacZ expression in vivo. These findings indicate
that the mutations cause an increase in the specific activity of
ImmA.

There are several mechanisms by which the ImmA mutants
could have increased specific activity, and these could be re-
lated to the mechanisms by which Rapl and RecA increase the
activity of ImmA. The ImmA mutants might have altered con-
formations that enable them to recognize and/or cleave ImmR
more efficiently than the wild type. It is also possible that the
mutations allow ImmA to fold more easily or enhance incor-
poration or retention of metal (presumably zinc) into the pro-
tein.

Activation of ICEBsI gene expression by Rapl and RecA.
ICEBs1 gene expression is normally induced by production of
active Rapl or during the RecA-dependent SOS response (Fig.
1B) (2). The two activation mechanisms are independent of
each other in that (i) SOS stimulates induction of ICEBs/ in a
rapl null mutant and (ii) RaplI production induces ICEBs! in a
recA null mutant (2). Both RapI and RecA stimulate ImmA-
dependent cleavage of ImmR, and Rapl-mediated stimulation
appears to be direct, as it occurs in the heterologous host E.
coli (4). For simplicity, we assume that RecA-stimulated cleav-
age is also direct, although this has not yet been determined.
Attempts to activate ImmA in vitro with purified Rapl and
RecA have not yet been successful.

There are several possible mechanisms by which Rapl and
RecA could activate ImmA-mediated cleavage of ImmR.
Three general possibilities include (i) activation of ImmA, (ii)
activation of ImmR, making it a better substrate for ImmaA,
and (iii) activation by bringing ImmA and ImmR together. It is
not clear whether Rapl and RecA stimulate ImmA-mediated
cleavage of ImmR by the same mechanism. For discussion
purposes and for simplicity, we assume that the Rapl and
RecA work similarly, although this clearly need not be the
case.

Isolation of mutations in immA that cause significant dere-
pression of ICEBs! gene expression points to ImmA as the
target of Rapl and RecA. Based on our results, we propose
that RaplI (and likely RecA) causes induction of ICEBs/ gene
expression by causing an increase in the specific activity of
ImmA and not by causing an increase in its cellular concen-
tration. There are several possible mechanisms by which the
specific activity of ImmA might be increased. Rapl and RecA
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might bind to ImmA to make it favor a conformation that
cleaves ImmR faster. Alternatively, they might chaperone
ImmA to help it fold properly and to prevent it from forming
inactive aggregates. It is also possible that Rapl and RecA
cause a covalent change in ImmA, although we have not de-
tected any such change and do not favor this possibility.

ImmA and ImmR in other mobile genetic elements. Ho-
mologs of ImmA and ImmR are found in many other mobile
elements and putative mobile elements (4). The roles of ImmA
and ImmR homologs in phage ¢105 are similar to those of
ImmA and ImmR in regulating ICEBs/ (4). The ImmR ho-
molog of phage @105 represses transcription to maintain lysog-
eny, and the ImmA homolog is required for induction of lytic
growth when the SOS response is induced. Thus, the mode of
regulation involving ImmA and ImmR is likely conserved in a
variety of other systems. Alignments indicate that many ImmA
homologs are shorter than ICEBs/ ImmA and are missing the
C-terminal 10 to 15 residues (data not shown). In the homologs
that are similar in length to ICEBsI ImmA, the C-terminal
regions are not conserved. Since the C-terminal residues of
ICEBsI ImmA are dispensable and contribute to the instability
of ImmA, we suspect that many of the ImmA homologs are
likely to be stable and are regulated by controlling the activity
and not the amount of the protein. Further characterization of
ImmA and the mechanisms by which it is regulated is likely to
provide information about the regulation of many agents of
horizontal gene transfer.
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